This review examines brain and cognitive processes involved in arithmetic. I take a distinctly developmental perspective because neither the cognitive nor the brain processes involved in arithmetic can be adequately understood outside the framework of how developmental processes unfold. I review four basic neurocognitive processes involved in arithmetic, highlighting (1) the role of core dorsal parietal and ventral temporal-occipital cortex systems that form basic building blocks from which number form and quantity representations are constructed in the brain; (2) procedural and working memory systems anchored in the basal ganglia and frontoparietal circuits, which create short-term representations that allow manipulation of multiple discrete quantities over several seconds; (3) episodic and semantic memory systems anchored in the medial and lateral temporal cortex that play an important role in long-term memory formation and generalization beyond individual problem attributes; and (4) prefrontal cortex control processes that guide allocation of attention resources and retrieval of facts from memory in the service of goal-directed problem solving. Next I examine arithmetic in the developing brain, first focusing on studies comparing arithmetic in children and adults, and then on studies examining development in children during critical stages of skill acquisition. I highlight neurodevelopmental models that go beyond parietal cortex regions involved in number processing, and demonstrate that brain systems and circuits in the developing child brain are clearly not the same as those seen in more mature adult brains sculpted by years of learning. The implications of these findings for a more comprehensive view of the neural basis of arithmetic in both children and adults are discussed.
Introduction
Arithmetic skills build on a core number knowledge system for representing numerical quantity using abstract symbols that is typically in place by the age of 5 (Barth, La Mont, Lipton, & Spelke, 2005) . This is as true of brain processes as it is of cognitive processes described in previous chapters. In addition to core number processing systems in the parietal and inferior temporal cortex (Ansari, 2008) , arithmetic also involves distributed brain systems mediating different memory processes, including working, episodic, and sematic memories, as well as cognitive control and decision making. With practice, learning, and development, these systems together help to build rich visuospatial, phonological, and mnemonic representations that result in proficiencies that are a hallmark of human cognition.
In this chapter I use a cognitive neuroscience approach to examine brain systems involved in arithmetic problem solving, highlighting their developmental origins. This review takes a distinctly developmental perspective, because neither the cognitive nor the brain processes involved in arithmetic can be adequately understood outside the framework of how ontogenetic processes unfold. This chapter first highlights major findings related to key cognitive PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2014. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in Oxford Handbooks Online for personal use (for details see Privacy Policy). Subscriber: Oxford University Press -Master Gratis Access; date: 31 July 2014 component processes involved in arithmetic problem solving and reasoning. I review core cognitive and brain processes involved in arithmetic processing and discuss the implications of relevant studies in adults for understanding the neural basis of arithmetic skill development. It then discusses recent brain imaging studies of arithmetic in children and examine how they inform our understanding of typical and atypical skill development. This review does not focus on developmental dyscalculia and related math learning disabilities -the interested reader is referred to other reviews in this volume (Butterworth, Varma, & Laurillard, this volume; Henik, Rubinsten, & Askenzai, this volume; Kucian, Kaufmann, & von Aster, this volume) .
Arithmetic: Core Neurocognitive Processes
Click to view larger Figure 1 Schematic circuit diagram of basic neurocognitive processes involved in arithmetic. The ventral temporal-occipital cortex (shown in brown) decodes number form and together with the intra-parietal sulcus (IPS) in the parietal cortex helps builds visuospatial representations of numerical quantity. Procedural and working memory systems anchored in frontoparietal circuits involving the IPS and supramarginal gyrus in the parietal cortex and the pre-motor cortex (PMC), supplementary motor area (SMA), and the dorsolateral prefrontal cortex (DLPFC) in the prefrontal cortex together with the basal ganglia (BG) create a hierarchy of short-term representations that allow manipulation of multiple discrete quantities over several seconds. Episodic and semantic memory systems anchored in the medial temporal cortex (MTL) and anterior temporal lobe (ATL), and the angular gyrus (AG) within the parietal cortex, play an important role in long-term memory formation and generalization beyond individual problem attributes. Finally, prefrontal control processes anchored in the saliency network encompassing the anterior insula (AI) and ventrolateral prefrontal cortex (VLPFC) guide, and maintain attention in the service of goal-directed problem solving and decision making. Relative transparency for BG and MTL indicates sub-surface cortical structures.
Arithmetic skills rely on four basic neurocognitive processes (Figure 1 ). First, basic number sense, including number magnitude and cardinality, and manipulations of numerical quantity are the basic building blocks from which arithmetic is constructed in the brain. These basic building blocks require the integrity of visual and auditory association cortex, which help decode the visual form and phonological features of the stimulus, and the parietal attention system (Dehaene, Piazza, Pinel, & Cohen, 2003) which helps to build semantic representations of quantity (Ansari, 2008) from multiple low level visuospatial primitives such as eye gaze and pointing (Simon, Mangin, Cohen, Le Bihan, & Dehaene, 2002) . Secondly, procedural and working memory systems anchored in the basal ganglia and frontoparietal circuits create short-term representations that support the manipulation of multiple discrete quantities over several seconds. Thirdly, episodic and semantic memory systems play an important role in longterm memory formation and generalization beyond individual problem attributes. Fourthly, prefrontal control processes guide and maintain attention in the service of goal-directed decision making.
The manner in which these neurocognitive processes are engaged depends critically on both problem complexity and stage of an individual's cognitive development. This is most clearly evident in developmental studies that show that children's gains in problem solving skills are characterized by shifts in the mix of problem solving strategies used, with inefficient procedural strategies being gradually replaced with direct retrieval of domain relevant facts (Geary, Bow-Thomas, & Yao, 1992; Geary, Hoard, Byrd-Craven, & DeSoto, 2004) . Over time and with development, episodic and semantic memory systems build representations in long-term memory that allow for fast access of learned arithmetic facts. Working memory resources, including temporary storage, sequencing, and manipulation of information, are needed when problem solutions cannot be directly retrieved from memory -in this case, reliance on different strategies, such as decomposition or more elaborate sequential computations, are necessary. These domain-general cognitive processes are as vital as core numerical knowledge; they not only provide the scaffold for the development of more efficient strategies during the initial stages of arithmetic learning and skill PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2014. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in Oxford Handbooks Online for personal use (for details see Privacy Policy). Subscriber: Oxford University Press -Master Gratis Access; date: 31 July 2014 development (Bull, Epsy, & Wiebe, 2008) , but, as discussed by Zamarian and Delazer (this volume) , they also facilitate learning of new and more complex materials in adults. An important component of arithmetic in the brain therefore relates to how the involvement and interactions of these cognitive processes change with learning and the maturation of problem-solving skills. The multi-componential nature of arithmetic reasoning and how individual components emerge during development are the focus of the next two sections.
Arithmetic in the Adult Brain
Brain imaging studies of arithmetic have used a variety of manipulations including problem size, type of operations, format and modality of operands, self-and experiment-paced tasks, verification, and production, in order to address specific aspects of information processing (Menon, Rivera, White, Glover, & Reiss, 2000b; Menon, Mackenzie, Rivera, & Reiss, 2002; Zago, Petit, Turbelin, Andersson, Vigneau, & Tzourio-Mazoyer, 2008) . In adults, previous imaging studies have manipulated problem complexity by varying the number of operations in a problem (Menon et al., 2000b) or the number of digits in the operands (Rosenberg-Lee, Lovett, & Anderson, 2009a; Zago, Pesenti, Mellet, Crivello, Mazoyer, & Tzourio-Mazoyer, 2001 ). Closely-matched control tasks are needed for precise information about brain responses in relation to arithmetic complexity, independent of basic number processing, decision making, and motor response. These manipulations, together with comparisons with other related visuospatial and working memory tasks (Gruber, Indefrey, Steinmetz, & Kleinschmidt, 2001; Simon et al., 2002) , as well as evaluation of individual differences in problem solving, have been a mainstay of arithmetic studies in the adult brain. (FG) . (C) Prefrontal cortex control system anchored in the anterior insula, inferior frontal gyrus (IFG) and premotor cortex. Maps are based on meta-analysis of 44 studies of arithmetic in neurosynth.org (Yarkoni et al. 2011, reprinted with permission) . In this and all subsequent figures the left hemisphere is on the left side of each coronal and axial brain slice. Figure 2 shows canonical brain areas involved in arithmetic problem solving, identified using a Bayesian metaanalytic model (Yarkoni, Poldrack, Nichols, Van Essen, & Wager, 2011) . These regions are largely localized to the dorsal aspects of the posterior parietal cortex (PPC), ventral temporal-occipital (VTOC), and the premotor cortex in the prefrontal cortex (PFC). Depending on task complexity, other brain areas, most notably the inferior and middle frontal gyri in the PFC, basal ganglia and cerebellum, are also engaged as working memory requirements increase. The interested reader can browse www.neurosynth.org (Yarkoni et al., 2011) to examine canonical circuits involved in arithmetic and calculation tasks to gain insights into the underlying anatomy and distributed systems for themselves. It should be noted that these maps are all derived from studies in adults and neurodevelopmental studies are not represented at this point. As we discuss below, in addition to these canonical regions, medial and lateral temporal lobe areas crucial for episodic and semantic memory also need to be included when we consider development, learning, and skill acquisition.
A Canonical Circuit for Arithmetic

Uniqueness and Specificity of Brain Areas
Despite the anatomical specificity of brain areas highlighted in these canonical maps, closer examination with multiple other search terms exposes considerable overlap with brain areas engaged by tasks involving visuospatial attention and working memory. Even a superficial visualization of these overlapping maps highlights the distributed and non-unique nature of brain systems engaged by arithmetic. Each of the brain areas identified above is also involved in other non-arithmetic and non-numerical operations. Indeed, considerable overlap exists between frontparietal regions implicated in arithmetic and working memory (Dumontheil & Klingberg, 2012; Kaufmann, Wood, Rubinsten, & Henik, 2011) . Research has also shown overlap in bilateral PPC regions across multiple mathematical and non-mathematical task manipulations involving different types of visuospatial information (Gruber et al., 2001; Simon et al., 2002; Venkatraman, Ansari, & Chee, 2005) . Thus, the brain draws upon multiple basic visuospatial functions in the service of arithmetic. Disentangling these processes is a topic of ongoing research; it requires careful synthesis and integration with other domains of cognitive neuroscience, taking into account both the contribution of local neural circuits as well as their distributed patterns of neural connectivity, as reviewed elsewhere (Bressler & Menon, 2010) .
Dissecting Functional Subdivisions
Click to view larger Up until a decade ago, lesion studies formed the basis of much of our understanding of the brain bases of arithmetic. Lesions in the parietal cortex (Figure 3 ) have historically been implicated in the classical model of acalculia, a specific disorder of numerical competence and arithmetic skill. Within the PPC, the intraparietal sulcus, angular gyrus, supramarginal gyrus, and perisylvian cortex have all been implicated in acalculia (Henschen, 1920; McCarthy & Warrington, 1988; Takayama, Sugishita, Akiguchi, & Kimura, 1994; Warrington, 1982) . A number of functional dissociations between brain regions differentially involved in specific operations such as addition, subtraction and multiplication have been suggested in the literature (Chochon, Cohen, van Dehaene, 1999; McNeil & Warrington, 1994; van Harskamp & Cipolotti, 2001) . While lesions in the PPC often have dramatic consequences for mathematical information processing, they appear to be variable in the specific type of arithmetic deficits that are seen across individual patients (Delazer & Benke, 1997; Kahn & Whitaker, 1991; McCloskey, Harley, & Sokol, 1991) . Beyond this, in spite of an array of dissociations reported in the literature, lesion studies have lacked adequate anatomical specificity and have yielded limited knowledge about the functional role of specific brain regions in arithmetic. In the following sections we summarize findings, mainly based on functional magnetic resonance imaging (fMRI) studies in healthy adults, which address this gap.
Dorsal versus Ventral Visual Streams
The dorsal and ventral visual streams play an important role in number representation and manipulation, two key components of any arithmetic task. Normative functional neuroimaging studies in adults have consistently implicated the intraparietal sulcus (IPS) within the PPC as a region specifically involved in the representation and manipulation of numerical quantity (Cohen Kadosh, Lammertyn, & Izard, 2008; Dehaene et al., 2003) . Dynamic interactions between the IPS in the dorsal visual stream and the ITC in the ventral visual stream are essential not only as building blocks of semantic representation of quantity, but also for manipulating quantity in the context of arithmetic rules and procedures. As highlighted by the canonical circuit shown in Figure 1 , the IPS is one of the most consistently activated brain regions during arithmetic. Within the IPS, activations have been observed in the hIPS segment, which is particularly sensitive to number judgment, as well as the IPS subdivisions hIP1, hIP2, and hIP3 more anteriorly and posteriorly (Caspers, Geyer, Schleicher, Mohlberg, Amunts, & Zilles, 2006; Caspers, Eickhoff, Geyer, Scheperjans, Mohlberg, Zilles, & Amunts, 2008; Wu, Chang, Majid, Caspers, Eickhoff, & Menon, 2009 ).
Ventral visual stream areas, including the lateral occipital cortex and the fusiform gyrus, are not only co-activated with the IPS during arithmetic processing, but their response also increases with arithmetic complexity, independent of other processing demands (Keller & Menon, 2009; Rickard, Romero, Basso, Wharton, Flitman, & Grafman, 2000; Rosenberg-Lee, Tsang, & Menon, 2009b; Wu et al., 2009; Zago et al., 2001) . Furthermore, functional dissociations across various arithmetic operations have been observed in these ITC regions (Rosenberg-Lee et al., 2011b) . Although these ITC areas are thought to play an important role in recognition and discrimination of number-letter strings (Allison, Puce, Spencer, & McCarthy, 1999; Milner & Goodale, 2008) , deconstructing arithmetic problems likely requires dynamic interactions between dorsal and ventral visual areas, particularly when the problem format is less familiar and problem solving routines less well automatized, as is often the case with children (RosenbergLee et al., 2011b) .
IPS versus Angular Gyrus
The inferior parietal lobule, encompassing the lateral aspects of the IPS, shows significant heterogeneity in its response to arithmetic. In contrast to the IPS, which shows greater response to arithmetic problems compared with 'rest' baseline, the angular gyrus shows prominent reductions in activation ('deactivation'), relative to both passive 'rest' and other low-level baselines involving simple arithmetic problems or magnitude judgment tasks. Although Rickard and colleagues first reported this robust effect in 2000, their findings were largely ignored until recently. In their study, they found relative decreases or deactivation in the left and right angular gyrus during a simple wellautomated multiplication task, compared with a magnitude judgment task (Rickard et al., 2000) . Since then, several studies have consistently found deactivation relative to rest baseline in the angular gyrus during arithmetic problem solving (Grabner, Ansari, Reishofer, Stern, Ebner, & Neuper, 2007; Mizuhara, Wang, Kobayashi, & Yamaguchi, 2005; Wu et al., 2009; Zhou, Chen, Zang, Dong, Chen, Qiao, & Gong, 2007) . More recently, Wu and colleagues used precise cyto-architectonic mapping, which permitted systematic investigations of both activation and deactivation in specific subdivisions of the PPC as a function of task difficulty and arithmetic operations (Wu et al., 2009 ). In each case, the angular gyrus showed task-related deactivation, with greater deactivation relative to a number identification control task. Furthermore, greater angular gyrus deactivation is associated with poorer performance on the arithmetic task (Wu et al., 2009) , as well as lower overall math abilities (Grabner et al., 2007) . More broadly, these findings suggest a close link between the anatomy and functions within the parietal cortex and they provide new evidence for striking functional heterogeneity within the inferior aspects of the PPC during arithmetic. These findings are noteworthy because they suggest that the IPS and angular gyrus play completely different roles in arithmetic. The functional role of the angular gyrus in arithmetic remains an open question with respect to both the episodic (Cabeza, Ciaramelli, & Moscovitch, 2012; (Binder & Desai, 2011) processes subserved by this region and its large-scale interconnected functional networks (Greicius, Krasnow, Reiss, & Menon, 2003; Raichle, MacLeod, Snyder, Powers, Gusnard, & Shulman, 2001; Uddin, Supekar, Amin, Rykhlevskaia, Nguyen, Greicius, & Menon, 2010) . For additional discussion of the differential roles of the IPS and angular gyrus in arithmetic fact learning, see 'Training, Learning, and Plasticity'.
IPS versus Superior Parietal Lobule
Arithmetic problem solving also shows consistent activation of the superior parietal lobule (Dehaene et al., 2003; Grabner, Ansari, Koschutnig, Reishofer, Ebner, & Neuper, 2009; Ischebeck, Zamarian, Siedentopf, Koppelstatter, Benke, Felber, & Delazer, 2006; Menon et al., 2000b; Rickard et al., 2000; Wu et al., 2009; Zago et al., 2001 ), but a recent virtual lesion study suggests that its role is likely more supportive than obligatory (Andres, Pelgrims, Michaux, Olivier, & Pesenti, 2011) . Andres and colleagues used fMRI to first localize parietal areas involved in subtraction and multiplication. As with many prior studies, they found increased activation, bilaterally, in the IPS and superior parietal lobule during both arithmetic operations. In order to examine the causal involvement of these brain areas, transcranial magnetic stimulation (TMS) was used to create a virtual lesion of either the IPS or superior parietal lobule in each participant, over the sites corresponding to the peaks of activation gathered in fMRI. An increase in response latencies was found for both operations after a virtual lesion of either the left or right IPS, but not of the superior parietal lobule. TMS over the IPS also increased error rates in the multiplication task. These results are consistent with fMRI studies comparing brain responses to multiple arithmetic operations (RosenbergLee et al., 2011b) and suggest that even operations solved by memory retrieval, such as multiplication, depend on the IPS (see also Salillas & Semenza, this volume) . The superior parietal lobule does not appear to be as critical for solving basic subtraction and multiplication problems (Andres et al., 2011) . These functional dissociations might be related to the type of attentional processes engaged by the IPS and superior parietal lobule. Whereas the IPS is primarily involved in visuomotor functions, such as pointing and finger counting, the superior parietal lobule is primarily involved in visuospatial functions, such as saccades and covert shifts in attention. How these two parietal systems interact and share attentional resources during arithmetic problem solving is at present unclear, and is an important topic for future investigations.
PPC versus PFC
Prefrontal and parietal cortices are often co-activated during arithmetic tasks. Prefrontal areas involved in arithmetic include the premotor cortex, and ventrolateral and dorsolateral PFC, although the specific roles of these PFC regions in arithmetic have not been yet delineated using experimental manipulations [see however (Cho, Metcalfe, Young, Ryali, Geary, & Menon, 2012; Supekar & Menon, 2012) ]. Despite co-activation of PPC and the PFC in most arithmetic tasks, their functional roles can be dissociated. One study examined the effects of cognitive load on arithmetic by varying the number of operands and the rate of stimulus presentation in a factorial design (Menon et al., 2000b) . This study found quantitative differences in activation of the parietal and prefrontal cortices in relation to increasing task difficulty. The main effect of arithmetic complexity was observed in the left and right IPS, while the main effect of domain-general task difficulty was observed in the left ventrolateral PFC. These findings are consistent with the view that the IPS plays a more crucial and obligatory role in arithmetic processing, independent of general cognitive demands. In contrast to the PFC, the PPC also shows stronger relation to arithmetic performance (Grabner et al., 2007; Menon, Rivera, White, Eliez, Glover, & Reiss, 2000c) . Additional support for similar dissociations comes from developmental studies in children and learning studies in adults, which point to a decreasing role of the prefrontal cortex with proficiency and skill acquisition, as reviewed below. Finally, analysis of differential brain responses to incorrect (e.g. '2 + 3 = 5') versus correct (e.g. '2 + 3 = 4') problems shows that the PFC, but not the PPC is sensitive to incorrect arithmetic expressions (Menon et al., 2002) . The pattern of brain response observed is consistent with the hypothesis that processing incorrect equations involves detection and resolution of the interference between the internally computed and externally presented incorrect answer. Electrophysiological studies further demonstrate that this process is similar to the semantic incongruity effect as indexed by the 'N400' component of the event-related potential (Niedeggen, Rosler, F. & Jost, 1999) .
Anterior Temporal Cortex
Outside the parietal cortex, the most novel evidence from patients with neurological disorders has emerged from studies of semantic dementia. Semantic dementia impacts the anterior aspects of the temporal lobe, and patients PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2014. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in Oxford Handbooks Online for personal use (for details see Privacy Policy). Subscriber: Oxford University Press -Master Gratis Access; date: 31 July 2014 perform generally well compared with healthy controls on tests of addition and subtraction. However, they use increasingly basic, inflexible strategies to retrieve multiplication 'facts', and in multi-digit calculations they made procedural errors that pointed to a failure to understand the differential weighting of left and right hand columns (Julien, Thompson, Neary, & Snowden, 2008) . The findings are noteworthy because they challenge the notion that arithmetic knowledge is a totally separate semantic domain, and instead suggest that anterior lateral temporal cortex, which is known to be impacted in semantic dementia also plays an important role in arithmetic understanding (Cappelletti, Butterworth, & Kopelman, 2012) . Paradoxically, although this brain system has not yet been directly examined in neurotypical adults using functional neuroimaging techniques, recent studies (reviewed below) in children point to its differential engagement in relation to different types of strategies used to solve arithmetic problems (Cho, Ryali, Geary, & Menon, 2011) .
Functional Dissociations Across Arithmetic Operations
Click to view larger Addition, subtraction, multiplication, and division constitute the four basic arithmetic operations. There has been considerable behavioral research on the cognitive processes associated with these operations over the past several decades. Surprisingly, even adults use a variety of strategies when solving simple arithmetic problems (Campbell & Timm, 2000; Hecht, 1999; LeFevre, Bisanz, Daley, Buffone, Greenham, & Sadesky, 1996; Siegler & Shrager, 1984) . In particular, the rate of retrieval versus alternate calculation strategies differs widely across operations (Campbell, 2008) . Retrieval is the dominant method for addition and multiplication, whereas subtraction and division rely more on alternate strategies such as counting and inversion (Campbell & Xue, 2001 ). Problemsolving using a related fact from previously learned inverse operations is clearly a more parsimonious strategy than memorizing facts for all four operations (Campbell & Alberts, 2009 ). Although lesion studies over the past several decades have focused on functional dissociations in PPC during arithmetic, no consistent view has emerged of its differential involvement in addition, subtraction, multiplication, and division. To circumvent problems with poor anatomical localization, Rosenberg-Lee and colleagues examined functional overlap and dissociations in PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2014. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in Oxford Handbooks Online for personal use (for details see Privacy Policy). Subscriber: Oxford University Press -Master Gratis Access; date: 31 July 2014 cyto-architectonically-defined subdivisions of the IPS, superior parietal lobule, and angular gyrus, across these four operations (Rosenberg-Lee et al. 2011b ). Compared with a number identification task, all operations except addition, showed a consistent profile of left posterior IPS activation and deactivation in the right posterior angular gyrus (Figure 4 ). Multiplication and subtraction differed significantly in right, but not in left, angular gyrus activity, challenging the view that the left angular gyrus differentially subserves retrieval during multiplication (RosenbergLee et al., 2011b) . Although addition and multiplication both rely on retrieval, multiplication evoked significantly greater activation in right posterior IPS, as well as the prefrontal cortex, lingual, and fusiform gyri, demonstrating that addition and multiplication engage different retrieval processes. The results further suggest that brain responses associated with calculation and retrieval processes cannot be uniquely mapped to specific PPC regions. Rather, these findings point to distributed representation of arithmetic processes in the human PPC, which explains why lesion studies have yielded inconsistent findings. Taken together, these results lead to five key conclusions: first, the PPC shows considerable functional heterogeneity across basic arithmetic operations; secondly, operations matched for task difficulty differ in PPC activation; thirdly, PPC subdivisions are variably activated and deactivated; fourthly, activation is strongest in IPS and deactivation in angular gyrus; and finally, individual differences in performance are related to both PPC activation and deactivation. The manner in which such distributed representations contribute to operation specific information processing remains unknown at this time.
Strategy Use and Individual Differences
Only one brain imaging study, to date, has examined retrieval strategy use during arithmetic problem-solving in adults. Grabner and colleagues used trial-by-trial strategy self-reports to identify brain regions underlying retrieval and calculation strategies in arithmetic problem solving (Grabner et al., 2009) . They found stronger activation of the left angular gyrus, while solving arithmetic problems for which participants reported fact retrieval, whereas the application of procedural strategies was accompanied by greater activation in other PFC and PPC regions. Related research has examined individual differences in brain responses associated with different levels of performance and overall mathematical skills. One study examined regional differences in brain activation between perfect and imperfect performers and found a relationship between left PPC activity and mental calculation expertise (Menon et al., 2000c) . Perfect performers had an accuracy of 100% and were significantly faster than the rest of the subjects. They also showed significantly less activation only in the left supramarginal gyrus and IPS, leading the authors to suggest that such reduction may be related to functional optimization of performance associated with mastery of arithmetic skills. Adults with higher mathematical competence, as assessed using standardized measures, have also been reported to display stronger activation of the left angular gyrus, while solving single-digit and multi-digit multiplication problems (Grabner et al., 2007) . However, based on the discussion above, it would be more accurate to say that adults with low mathematical competence displayed stronger deactivation in this region. Similarly, Wu and colleagues found that lower accuracy during addition and subtraction tasks was associated with lower bilateral angular gyrus response (Wu et al., 2009 ). However, these differences arose from lower levels of deactivation in poorly performing individuals, rather than activation above baseline in high performers. One interpretation of these findings is that more competent adults have a stronger reliance on automatic, language-mediated efficient retrieval processes, another is that angular gyrus responses reflect subjective task difficulty. Further research on the core semantic and memory functions subserved by the angular gyrus are necessary to disambiguate these two processes and to shed more light on whether the angular gyrus does, indeed, facilitate efficient fact retrieval.
Training, Learning, and Plasticity
Training studies are beginning to provide new insights into how arithmetic is organized in the brain (see Zamarian and Delazer, this volume) . Most importantly, this research offers a new conceptual framework for examining how multiple PPC, PFC, and ITC areas come to play the roles they do in the adult brain. A particular focus on these studies has been how the functional organization of the IPS, angular gyrus and the superior parietal lobe in the PPC changes with learning. One paradigm for short-term arithmetic training, lasting about a week, typically consists of repetition for one set of complex problems and a lower frequency for the other novel set. Training effects are rapid, and typically become significant after approximately eight repetitions of a problem and remain stable over the course of the experiment (Ischebeck, Zamarian, Egger, Schocke, & Delazer, 2007) . Comparison of brain responses between repeated and novel problems was used to examine the effects of training; implicit in this design is the assumption that brain responses to untrained and trained problems are basal ganglia (Delazer, Ischebeck, Domahs, Zamarian, Koppelstaetter, Siedentopf et al., 2005; Ischebeck et al., 2006 Ischebeck et al., , 2007 . In parallel, relative increases in activation of the left angular gyrus have been reported, but this most likely reflects decreases in deactivation relative to baseline as the problems become more automatized. Collectively, a handful of these studies have converged on similar results, and they suggest that learning arithmetic is associated with major functional reorganization within the PPC, such that the load on the IPS is reduced, while angular gyrus responses show lower levels of deactivation (Delazer et al., 2005; Ischebeck et al., 2007; Zamarian, Ischebeck, & Delazer, 2009) . These and similar studies in children are likely to guide research into learning in children with dyscalculia.
Rapid learning of arithmetic has also been examined using repetition priming paradigms (Salimpoor, Chang, & Menon, 2009 ). Although repetition priming has been widely used to examine the neural basis of behavioral facilitation, these studies have focused primarily on word and object identification tasks. In the first such brain imaging study of repetition priming during arithmetic problem solving, repeated stimulus presentation of threeoperand arithmetic problems was associated with widespread and robust bilateral suppression of responses in the ventrolateral PFC, extrastriate cortex and middle occipital gyrus, fusiform gyrus, dorsal striatum, and the thalamus (Salimpoor et al., 2009) . Repeated trials were associated with mean reaction time improvements of about 100 milliseconds. Across individuals, reaction time improvements were also directly correlated with repetition enhancement (rather than suppression) in the hippocampus and the posteromedial cortex (posterior cingulate cortex, precuneus, retrosplenial cortex), regions known to support memory formation and retrieval, and in the supplementary motor area and the dorsal mid-cingulate cortex, regions known to be important for motor learning. Furthermore, improvements in reaction time were also correlated with increased functional connectivity of the hippocampus with both the supplementary motor area and the dorsal mid-cingulate cortex. These findings provided novel support for the hypothesis that repetition enhancement and associated stimulus-response learning facilitates behavioral performance during arithmetic problem solving.
Summary
Normative functional neuroimaging studies have implicated the IPS within the dorsal aspects of the parietal cortex as a region critically involved in the representation and manipulation of numerical quantity (Ansari, 2008; Cantlon, Brannon, Carter, & Pelphrey, 2006; Cantlon, Libertus, Pinel, Dehaene, Brannon, & Pelphrey, 2009; Cohen Kadosh et al., 2008; Cohen Kadosh & Walsh, 2009; Dehaene et al., 2003) . In addition to the dorsal PPC, ventral visual stream areas, encompassing the lateral occipital cortex and fusiform gyri in the ITC, also play an important, although often under-appreciated, role in arithmetic processing (Delazer, Domahs, Bartha, Brenneis, Lochy, Trieb, & Benke, 2003; Grabner et al., 2009; Menon et al., 2000b; Rickard et al., 2000; Wu et al., 2009; Zago et al., 2001) . A recent metaanalysis found that the left fusiform gyrus is consistently activated across a wide range of numerical tasks (Arsalidou & Taylor, 2011) , consistent with its hypothesized role in processing orthographic structure (Binder, Medler, Westbury, Liebenthal, & Buchanan, 2006) . Beyond this, more complex calculation abilities place demands on multiple cognitive systems involving working memory and cognitive control (Menon et al., 2000b) . This involves multiple regions including the anterior insula and anterior cingulate cortex which are involved in directing attentional resources (Arsalidou & Taylor, 2011; Supekar & Menon, 2012) , the ventrolateral PFC, which is engaged by tasks that involve effortful maintenance and retrieval, and the dorsolateral PFC, which is engaged by tasks that require manipulation of information in working memory during multi-stage calculation tasks (Menon et al., 2000b; Menon et al., 2002; Zago et al., 2008) .
Arithmetic in the Developing Brain: Mapping Changes from Childhood to Adulthood
The first phase of neurodevelopmental studies focused on maturation of arithmetic skills over an extended age range, often spanning one or more decades from childhood to adulthood. These studies have shown that, like adults, children reliably engage frontal, parietal, and ventral temporal cortex in response to arithmetic tasks and, more importantly, that activations in these regions are modulated by notation, task complexity, and competence level (Kaufmann et al., 2011) . However, despite superficial similarities, arithmetic in the developing brain is characterized by major, protracted, developmental changes in brain activation patterns. Key findings from neurodevelopmental studies are summarized below. 
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Shift from Frontal to Parietal and Ventrotemporal Cortex
Click to view larger Figure 5 Neurodevelopmental changes in arithmetic. Compared with adults, children showed greater activation in the prefrontal cortex, basal ganglia and the hippocampus (cyan-blue scale) during two operand arithmetic tasks. Adults showed greater activation in the supramarginal gyrus and the lateral occipital cortex (yellow-red scale). Task accuracy was matched across the groups. IFG = inferior frontal gyrus; MFG = middle frontal gyrus, NAC = nucleus accumbens, SMG = supramarginal gyrus.
Adapted with permission from Rivera et al. (2005).
Rivera and colleagues examined the neural correlates of arithmetic skill development in children, adolescents, and adults ranging in age from 8 to 22 (Rivera, Reiss, Eckert, & Menon, 2005) . Participants viewed arithmetic equations in the form 'a + b = c' and were asked to judge whether the results were correct or not. Matching for accuracy allowed the researchers to examine dissimilar trajectories of functional maturation independent of performance differences. Children showed less activation in the left supramarginal gyrus and IPS within the PPC, encompassing both the dorsal visual stream areas highlighted above. Increased activation in the left lateral occipital temporal cortex, an area thought to be important for visual word and symbol recognition (Cohen & Dehaene, 2004; Hart, Kraut, Kremen, Soher, & Gordon, 2000; Kronbichler, Hutzler, Wimmer, Mair, Staffen, & Ladurner, 2004; Price & Devlin 2004 ) was also observed in adults. On the other hand, children showed greater activation in the PFC, including the ventrolateral and dorsolateral PFC, as well as anterior cingulate cortex ( Figure 5 ). In general agreement with these findings, Kucian and colleagues (Kucian, von Aster, Loenneker, Dietrich, & Martin, 2008) found greater left IPS activity in 22-32-year-old adults and greater right anterior cingulate cortex activity in 9-and 12-year-old children during approximate addition. These findings suggest a process of increased functional specialization of the PPC and ITC with age, with decreased dependence on PFC working memory and attention resources.
Children Engage Medial Temporal Lobe and Basal Ganglia Memory Systems More
The study by Rivera and colleagues also highlighted the differential role of the medial temporal lobe memory system in children for the first time. Younger children exhibited significantly greater engagement of the left hippocampal and parahippocampal gyrus. Both these brain structures are known to play a major role in encoding and retrieval of facts (Squire, Stark, & Clark, 2004) . The parahippocampal gyrus mediates convergence of highlevel input from the visual association cortex into the hippocampus (Suzuki & Amaral, 1994) , thereby facilitating the persistence of representations in short-term memory (Eichenbaum, 2000) . The greater activation seen in this region in younger subjects may reflect the greater recruitment of processing resources to sustain appropriate memory representations and may also reflect generalized novelty effects. In the same vein, De Smedt and colleagues (De Smedt, Holloway, Ansari, 2011) found greater hippocampal response in children when solving addition problems, but not when solving subtraction problems that are less well rehearsed and more difficult to memorize, because subtraction problems are not commutative (e.g., 5 -3 ≠ 3 -5). Thus, with increased experience and exposure, medial temporal lobe activations decrease as initially unfamiliar stimuli become less novel (Menon, White, Eliez, Glover, & Reiss, 2000a) .
Children also showed greater activation in the dorsal basal ganglia, including the caudate and putamen. The basal ganglia are known to be critical for procedural memory (Graybiel, 2005) , i.e. memory for procedures and habits, and it plays a supportive role in the maintenance of information in working memory (Chang, Crottaz-Herbette, & Menon, 2007) . Furthermore, the PFC, in concert with medial temporal lobe and dorsal basal ganglia memory systems, regulate declarative, procedural and working memory (Packard & Knowlton 2002) . All of these three regions showed greater activation in children. Parallel increases in hippocampus and basal ganglia activation in children have also been reported in a task involving overriding a learned action in favor of a new one ( Thomas, Davidson, Kunz, & Franzen, 2002) . These findings provide evidence for greater reliance on multiple memory systems, subserved by the hippocampus and the basal ganglia, in children. Taken together, these studies highlight the important role of episodic and procedural memory systems in children during initial stages of arithmetic learning.
Similarities with Development of Number Processing
The pattern of developmental shifts from the PFC to the PPC observed in arithmetic parallels those reported in other numerical tasks involving symbolic and non-symbolic magnitude comparisons. For example, in a non-symbolic magnitude discrimination task Cantlon and colleagues (Cantlon et al., 2009) found that while 6-7-year-old children engaged the bilateral inferior frontal gyrus and adjoining insular cortex, these PFC areas were not significantly activated in 24-year-old adults. In contrast, both groups showed activation of the left IPS, although the spatial extent of activity was greater in adults. Furthermore, numerical distance effects (greater activity for comparisons involving smaller ratios) were correlated with left IPS activity in adults (Pinel, Dehaene, Riviere, & LeBihan, 2001) , whereas children displayed this effect in the left inferior frontal gyrus (Ansari, Garcia, Lucas, Hamon, & Dhital, 2005; Ansari & Dhital 2006; Cantlon et al., 2009 ). In a non-symbolic comparison task, Ansari and Dhital (2006) found that only 9-11-year-old children displayed a distance effect in the right dorsal lateral PFC, whereas 19-21-year-old adults had stronger distance effect in the left anterior IPS. Similarly, in a symbolic number comparison task using the same age groups, Ansari and colleagues found that adults showed sensitivity to numerical distance bilaterally in the IPS, whereas in children, the right precentral gyrus and right inferior frontal gyrus were the regions sensitive to numerical distance. Thus, although the precise neural locus of development varies with cognitive process and stimulus, a consistent profile of decreased reliance on the PFC and increased reliance on the PPC has been found in a wide range of studies of numerical cognition involving comparisons of children and adults. The extent to which basic numerosity and arithmetic processes co-develop is currently unknown and remains an important topic for future investigation.
Role of Cognitive Control Processes
A common recurring theme in arithmetic problem solving is the engagement of PFC processes, which are needed both for controlled retrieval of facts from memory, as well as allocation of attention resources. Like adults, children as young as 7 show reliable, and consistent, patterns of brain activity during arithmetic problem-solving in multiple PFC regions (Houde, Rossi, Lubin, & Joliot, 2010) . Importantly, as noted by Houde and colleagues in their review, these same PFC regions, most notably the fronto-insular cortex, and anterior insula in particular (see also canonical circuit in Figure 1) , have also been implicated in reading and executive control tasks in young children. This profile of anatomical overlap suggests a common mechanism by which maturation of basic cognitive control can influence skill development in multiple cognitive and academic domains. Figure 6 Developmental changes in causal network interactions during arithmetic problem solving. Casual interactions between five key nodes of the salience network (blue rectangles), and Central Executive network (green rectangles) are shown in (A) children and (B) adults. (C) Weaker causal interactions in children, compared with adults. ACC = anterior cingulate cortex; rAI = right anterior insula; rDLPFC = right dorsolateral prefrontal cortex; rPPC = right posterior parietal cortex; rVLPFC= right ventrolateral prefrontal cortex.
Click to view larger
Adapted from Supekar and Menon (2012) .
The ability to solve arithmetic problems relies on the ability to control attention and successfully direct cognitive efforts. Using a novel multi-pronged neuroimaging approach, Supekar and Menon identified for the first time the dynamic control processes underlying the maturation of arithmetic problem solving abilities (Supekar & Menon, 2012) . They used a novel multimodal neurocognitive network-based approach combining task-related fMRI, restingstate fMRI and diffusion tensor imaging to investigate the maturation of control processes underlying problem PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2014. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in Oxford Handbooks Online for personal use (for details see Privacy Policy). Subscriber: Oxford University Press -Master Gratis Access; date: 31 July 2014 solving skills in 7-9-year-old children. Their analysis focused on two key neurocognitive networks implicated in a wide range of cognitive control tasks: the insula-cingulate salience network, anchored in anterior insula, ventrolateral PFC and anterior cingulate cortex, and the frontoparietal central executive network, anchored in dorsolateral PFC and PPC. They found that, by age 9, the anterior insula node of the salience network is a major causal hub initiating control signals during arithmetic problem solving (Figure 6 ). The anterior insula, part of a larger network of regions previously shown to be important for salience processing and generating influential control signals, shows weaker influence over the ventrolateral and dorsolateral PFC, and anterior cingulate cortex in children compared with adults. Furthermore, structural connections between the anterior insula and other key regions were found to be weaker in children compared with adults. Importantly, measures of causal influences between key regions could be used to predict individual differences in behavioral performance on the arithmetic task. In this manner, maturing dynamic causal influences from the anterior insula play an important role in the development of arithmetic abilities.
Arithmetic in the Child Brain
Arithmetic from a Developmental Perspective
Cross-sectional studies, such as those reviewed above, do not adequately capture neurodevelopment processes involved in acquisition of math skills. Cognitive developmental change should not be conflated with age-related change. To capture the mechanisms driving cognitive change it is critical to focus on the age ranges in which rate of change is the steepest. Examining age-related differences between children, adolescents, and adults alone is not sufficient; for example, comparison of 7-and 12-year-olds will be insensitive to change between the ages of 7 and 9. Critically, it cannot be assumed that learning in adults or contrasts between children and adults is comparable to learning in the developing brain (Karmiloff-Smith, 2010).
It has recently been shown that developmental changes cannot be inferred from, or characterized by a gross comparison between adults and children or by examining the effects of training on novel problems in adults (Cho, et al., 2011) . Indeed, most behavioral studies of cognition in children focus on developmental questions; comparisons with adults have rarely been the focus of these studies, as it is well understood that children's emerging memory and representational and logical thinking abilities are not analogous to those of a skilled adult. Approaches to the study of cognitive development that differ fundamentally from the dominant paradigm in brain imaging studies based on 'child versus adult' comparisons are critically needed, to parallel the more sensitive models of behavioral studies (Geary, 1994; Karmiloff-Smith, 2010; Siegler, 1996) .
Development During Critical Learning Periods
Early elementary school represents an important period for the acquisition and mastery of arithmetic fact knowledge. Behavioral research has characterized a progression of increasingly sophisticated calculation procedures leading to the greater use of direct retrieval over time (Siegler & Shrager, 1984) . By 2nd grade, children are typically able to answer single-digit addition problems, although rapid fact retrieval is still not mature in most children of that age (Jordan, Hanich, & Kaplan, 2003) . Between 2nd and 3rd grade, problem-solving abilities generally progress from effortful counting strategies to more automatic retrieval strategies, although the extent and magnitude of skill maturation, and the sources of individual variability are less well understood. In a school-based study of typically developing children, growth curve modeling revealed that from the beginning of 2nd to the end of 3rd grade there was only a modest increase in the number of correctly answered problems (less than one item); however, there was a large decrease in the use of finger counting and an increase in the number of correctly retrieved items (Jordan et al., 2003) . Although previous behavioral and classroom-based research studies have shown that arithmetic proficiency undergoes significant improvement in elementary school, surprisingly little is known about its neurodevelopmental underpinnings.
Page 13 A recent study examined the neural correlates of the maturation of arithmetic problem solving skills over a narrow developmental window spanning a one year interval between 2nd and 3rd grades (Rosenberg-Lee, Barth, & Menon, 2011a) . In both 2nd and 3rd graders, arithmetic complexity was associated with increased responses in the right inferior frontal sulcus and anterior insula, regions implicated in domain-general cognitive control, and in left IPS and superior parietal lobule regions important for numerical and arithmetic processing. Compared with 2nd graders, 3rd graders showed greater activity in dorsal stream parietal areas, right IPS, superior parietal lobule and angular gyrus, as well as prominent differences in ventral visual stream areas, bilateral lingual gyrus, right lateral occipital cortex and right parahippocampal gyrus (Figure 7 ). Significant differences were also observed in the PFC, with 3rd graders showing greater activation in left dorsal lateral PFC and greater deactivation in the ventromedial PFC. Third graders also showed greater functional connectivity between the left dorsolateral PFC and multiple posterior brain areas, with larger differences in superior parietal lobule and angular gyrus, compared with ventral stream visual areas lateral occipital gyrus and parahippocampal gyrus. These results suggest that even the narrow one-year interval spanning grades 2 and 3 is characterized by significant arithmetic task-related changes in brain response and connectivity, and argue that pooling data across wide age ranges and grades can miss important neurodevelopmental changes that occur during key stages of academic learning.
Between childhood and adulthood, number and arithmetic processing have highlighted a consistent shift from the PFC to posterior brain areas Ansari & Dhital, 2006; Cantlon et al., 2009; Rivera et al., 2005) . In contrast, dorsolateral PFC responses increased in the narrow time window between 2nd and 3rd grades. This data provides new evidence that the initial stages of learning may be accompanied by increases, rather than decreases, in PFC response. There are several possible reasons for this. One possibility is that learning may reduce variability in PFC response. A second possibility is that PFC responses may become more focal with learning and functional maturation (Durston, Davidson, Tottenham, Spicer, Galvan, Fossella, & Casey, 2006) . In either case, these findings suggest a nonlinear trajectory of developmental changes characterized by an initial increase in dorsolateral PFC engagement during the early stages of learning, followed by more protracted decreases in response between childhood and adulthood (Rivera et al., 2005) . Precise knowledge of this trajectory is important not only for understanding the effects of various types of instruction in typically developing children, but also for assessing and remediating abnormal developmental patterns in children with dyscalculia and math learning PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2014. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in Oxford Handbooks Online for personal use (for details see Privacy Policy). Subscriber: Oxford University Press -Master Gratis Access; date: 31 July 2014 disabilities at an early age (Geary, Bailey, Littlefield, Wood, Hoard, & Nugent, 2009b; Geary, Bailey, & Hoard, 2009a; Rykhlevskaia, Uddin, Kondos, & Menon, 2009 ).
Development of Memory-based Strategies
The ability to efficiently retrieve basic facts from memory is a key characteristic of mature problem solving in children (Siegler, 1996) . During development, children's math problem solving skills become gradually more dependent on memory-based strategies, such as direct retrieval and less dependent on effortful procedures such as counting (Geary et al., 2004) . Despite considerable advances in our understanding of the behavioral and cognitive mechanisms characterizing these shifts (Siegler & Svetina, 2006) little is known about the underlying brain mechanisms. Children's arithmetic problem solving provides an ideal domain for studying the brain mechanisms that underlie this cardinal feature of children's cognitive development because the underlying behavioral characteristics and cognitive processes are particularly well known (Geary, 1994) . Little, however, is known about neurodevelopmental mechanisms underlying these transitions in children. As described below, recent fMRI studies have begun to make progress in addressing this gap. Cognitive development and learning are characterized by diminished reliance on effortful procedures and increased use of memory-based problem solving. Cho and colleagues identified the neural correlates of this strategy shift in 7-9-year-old children at an important developmental period for arithmetic skill acquisition (Cho et al., 2011) . Univariate and multivariate approaches were used to contrast brain responses between two groups of children who relied primarily on either retrieval or procedural counting strategies. Children who used retrieval strategies showed greater responses in the left ventrolateral PFC; notably, this was the only brain region that showed univariate differences in signal intensity between the two groups. In contrast, multivariate analysis revealed distinct multivoxel activity patterns in bilateral hippocampus, PPC and left ventrolateral PFC regions between the two groups (Figure 8 ). These results demonstrate that retrieval and counting strategies during early learning are characterized by distinct patterns of activity in a distributed network of brain regions involved in arithmetic problem solving and controlled retrieval of arithmetic facts. Findings suggest that even when the same brain areas are engaged to a similar degree in the two groups of children, compared with procedural strategies, memory-based arithmetic problem solving evokes distinct fine-scale neural representations. Critically, such differences were highly prominent in medial temporal lobe regions important for memory formation. These findings suggest that the reorganization and refinement of neural activity patterns in multiple brain regions plays a dominant role in the transition to memory-based arithmetic problem solving.
Summary
Although there are similarities in the brain areas that are engaged by arithmetic tasks in adults and children, there are major differences as well. The development of arithmetic problem solving skills between childhood and adulthood is characterized by decreased engagement of the PFC and increased engagement and functional specialization of the PPC (Ansari & Dhital, 2006; Rivera et al., 2005) . Furthermore, even the seemingly brief 1-year interval spanning grades 2 and 3, for example, is characterized by significant task-related changes in brain response and connectivity, a finding that suggests that pooling data across wide age ranges and grades can miss important neurodevelopmental changes (Rosenberg-Lee et al., 2011a) . Over the long term there is a shift from more controlled and effortful to more automatic processing of both numerical magnitude and arithmetic problem solving, but even over shorter time periods there is a process of continued refinement of brain responses. From a developmental and learning perspective, emerging data suggests that it is no longer appropriate to focus solely on parietal circuits as the basis of arithmetic skill development. A number of scaffolding systems are called into place during development, and development studies highlight brain systems otherwise missed in studies involving adults or even those that compare children with adults. One of the major emerging contributions of developmental studies is the crucial role played by the medial temporal lobe memory system in the development of fluid fact retrieval. Thus, brain systems and circuits in the developing child brain are clearly not the same as those seen in more mature adult brains sculpted by years of learning.
Conclusions
Converging evidence from studies of infants (Feigenson, Dehaene, & Spelke, 2004) , preschool children and adults (Ansari, 2008) , as well as non-human primates , indicates that the representation of approximate quantities is supported by the IPS in the dorsal aspects of the PPC. In addition to the dorsal PPC, the VTOC also plays an important, though often underappreciated, role in number processing. The brain builds arithmetic skills with the support of these systems, but this is only one part of the necessary circuitry. Arithmetic relies on and requires multiple cognitive systems involving working memory, episodic and semantic memory systems and executive control functions. Both developmental studies in young children and training studies in adults are beginning to highlight the important role of these systems in building new representations in the dorsal parietal, as well as the VTOC. Furthermore, as task manipulations become more sophisticated with better matching of control tasks on multiple dimensions, multivariate approaches are likely to be more useful for examining distinct neural representations in these brain areas.
We are still in the initial stages of understanding how these interacting systems unfold with development. It is, nevertheless, clear that the exclusive focus on activity levels in a small set of brain regions identified in highly skilled adults can miss important changes in functional organization that accompany learning and development associated with schooling. Increasingly, the focus has also shifted to multivariate analyses, as it is evident that similar signal levels across task conditions does not necessarily imply similar kind of information processing ( Rosenberg-Lee, Tsang, Schwartz, Prado, Mutreja, Zhang, Mehta, Desroches, Minas, & Booth, 2011; Raizada, Tsao, Liu, Holloway, Ansari, & Kuhl, 2010) . These types of fine-grained analyses clearly have important implications for understanding brain mechanisms mediating the formation of unique stimulus representations and how they mature with learning and development (Ashkenazi, Rosenberg-Lee, Tenison, & Menon, 2012) .
Most previous normative adult and developmental studies of arithmetic have mainly focused on localization of activation and age-related changes, but it is becoming increasingly clear that cognition depends on interactions within and between large-scale brain networks (Bressler & Menon, 2010) . Anatomical and physiological connectivity analysis provides insights into the neural processing subserved by these regions. We have recently suggested that IPS acts as an intermediate station for relaying salient visual information into the dorsal attention and working memory network . Combined DTI and resting-state functional connectivity analysis uncovered differential connectivity patterns for these regions . For example, posterior IPS regions have greater connectivity to striate and extrastriate cortex and the anterior IPS has greater connectivity with inferior and middle frontal gyri. New research is beginning to highlight the significant and specific changes in frontal-posterior functional connectivity that take place during a time period important for arithmetic skill development. In the long run a systems neuroscience approach, with its emphasis on networks and connectivity, rather than a pure localization approach, is better-suited to further understanding how complex skills such as arithmetic develop and are expressed in adulthood. Arithmetic requires the integration of multiple cognitive processes, which rely on the engagement of distributed brain areas subserved by long-range connections that undergo significant changes with development (Fair, Cohen, Dosenbach, Church, Miezin, Barch, et al. 2008; Supekar, Uddin, Prater, Amin, Greicius, & Menon, 2010) . The recruitment of brain circuits anchored in the parietal cortex changes dynamically as a function of training and development. In this context, and the many other ways highlighted above, arithmetic serves as a model neurocognitive system for studying the ontogenesis of human cognitive and problem solving skills.
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